Excessive signaling via the Notch1 receptor inhibits apoptosis in T lymphocytes. Since several antiapoptotic proteins are cleaved by caspases during cell death, we investigated whether Notch1 was a caspase substrate. Results demonstrate that the intracellular domain of Notch1 (NICD) is cleaved into six fragments during apoptosis in Jurkat cells or peripheral T lymphocytes. Notch1 cleavage is prevented by the caspase inhibitors DEVD-fmk and VEID-fmk or by Bcl-2 expression. Caspase-3 and caspase-6 cleave the NICD into six fragments using sites located within the NF-jB binding domain, the ankyrin repeats and the transactivation domain. Notch1 cleavage correlates with the loss of HES-1 expression in apoptotic T cells. Notch1 fragments cannot inhibit activation-induced cell death in a T-cell hybridoma, confirming the abrogation of Notch1 antiapoptotic activity by caspases. The ability of the NICD but not the fragments to antagonize Nur77 activity supports a role for this factor in Notch1 antiapoptotic function.
Introduction
Proteins belonging to the Notch family are evolutionarily conserved surface receptors associated with a broad spectrum of cellular processes including differentiation, proliferation and apoptosis, from Drosophila melanogaster to Homo sapiens.
1 Notch proteolysis plays a critical role in the signaling of these receptors, which represents a new paradigm of signal transduction, the regulated intramembrane proteolysis (RIP). 2 Precursors of Notch receptors are constitutively cleaved by a furin class serine protease in the trans-Golgi compartment before migrating to the plasma membrane. 3 Upon binding to a member of the Delta/Serrate/Lag-2 (DSL) family of protein, intramembrane cleavage of Notch1 produces a fragment, the Notch1 intracellular domain (NICD). 4 The NICD then translocates to the nucleus to regulate the expression of specific genes. Notch1 main cofactor in the nucleus is the repressor CBF-1/Suppressor of Hairless/Lag-1 (CSL), which upon association with the NICD is converted to a transcriptional activator. 5 Several groups have demonstrated the importance of the Notch pathway during T-cell development. 6, 7 Murine models of genetic interference have shown that Notch1 activity is required for the commitment of common lymphoid precursors to the T-cell lineage [8] [9] [10] and for ab pre-T-cell differentiation. 11, 12 Considering the role of the Notch pathway in lymphopoiesis, it is not surprising that the human ortholog of D. melanogaster Notch1 was identified in three cases of human T-cell leukemia, where a translocation of the NICD led to constitutive Notch1 signaling, 13 suggesting that this receptor was endowed with an oncogenic effect in T lymphocytes. This hypothesis was confirmed by retroviral transduction of the NICD in murine bone marrow cells, leading to the appearance of clonal leukemic cells of an immature Tcell phenotype all expressing the truncated Notch1.
14 A recent study shows that activating mutations can be found in the Notch1 gene in more than 50% of human primary T-ALL samples. 15 Both the ankyrin repeats and a C-terminal transactivation domain (TAD) are required for leukemogenesis; 16 however, the precise mechanism leading to leukemia remains elusive.
The role of Notch1 in oncogenesis may be related to its ability to regulate the apoptotic process. Indeed, the constitutively active intracellular fragment of murine Notch1 is capable of rendering thymocytes resistant to glucocorticoidinduced apoptosis. 17 Furthermore, overexpression of the human NICD blocks activation-induced cell death (AICD) in a T-cell hybridoma 18 or death receptor-induced apoptosis in the Jurkat leukemic cell line. 19 Several mechanisms have been proposed for the inhibition of apoptosis by Notch1. Abrogation of T-cell hybridoma apoptosis by the NICD was first associated with inhibition of Nur77 activity. 18 The activity of this orphan nuclear receptor from the steroid receptor family is required for AICD. [20] [21] [22] More recently, Notch1 was also shown to trigger the p56 lck -dependent activation of the antiapoptotic kinase AKT and to increase the levels of the antiapoptotic proteins c-FLIP, IAP-2 and Bcl-X L . 19 The contribution of each pathway to Notch1-mediated inhibition of apoptosis is not yet clear.
Many antiapoptotic proteins are cleaved by cysteine proteases of the caspase family during apoptosis, which results in the abrogation of their inhibitory function. The human genome encodes 11 caspases among which caspase-9, -8 and -3 play a central role during apoptosis in many cell types. 23 Their function is mediated through proteolysis of cellular proteins such as the DNA fragmentation factor, leading to internucleosomal cleavage of DNA 24 or cleavage of proteins able to antagonize the apoptotic process, including Bcl-2, XIAP or the AKT/PKB kinase. [25] [26] [27] [28] [29] The inhibitory effect of Notch1 on T-cell death prompted us to investigate whether Notch1 was also a caspase substrate during T-cell apoptosis. We show here that the NICD is completely fragmented by caspases during T-lymphocyte apoptosis and that the cleavage products are no longer able to inhibit AICD in a Tcell hybridoma. Finally, caspase-mediated fragments are unable to antagonize the activity of the Nur77 transcription factor, supporting a role for this protein in Notch1 antiapoptotic activity.
Results

Notch1 is cleaved by caspases in apoptotic Jurkat cells
The intracellular domain of Notch1 contains several caspase consensus sites (DxxD or VxxD), which are evolutionarily conserved from Xenopus to human (Figure 1 ). These sites are distributed throughout the cytoplasmic portion of the receptor and can be found within the NF-kB binding domain (NBD), the ankyrin repeats (ANK) and the C-terminal transactivation domain (TAD) involved in the control of gene expression by Notch1. 30 The potential cleavage of Notch1 by caspases during apoptosis was initially investigated in the Jurkat T-cell line. Treatment of Jurkat cells with an anti-Fas antibody induced the cleavage of the well-known caspase-3 substrate PARP, 31, 32 caspase-3 and caspase-6 activation and the exposure of phosphatidylserine at the cell surface in 85% of the cells (Figure 2a) . Concomitant with caspase activation, the 115 kDa intracellular domain of Notch1 disappeared and six new bands of 82, 78, 77, 70, 48 and 45 kDa were observed in the apoptotic cell lysates, as revealed by a monoclonal antibody (Figure 2a ) or a polyclonal antibody (Figure 2b ) raised against the C-terminal region of the NICD. 3 Inhibition of Notch1 fragmentation by the caspase inhibitors DEVD-fmk and VEID-fmk but not FA-fmk (Figure 2b ) suggested that caspase-3-and caspase-6-like activities were required for this cleavage. Proteins such as p56 lck and actin were not cleaved in apoptotic cells (Figure 2b ), demonstrating that nonspecific protein degradation could not account for Notch1 and PARP cleavage. Similar experiments were performed using the Jurkat clone JIB2, where Bcl-2 expression was induced by the addition of doxycyclin (Dox), thereby inhibiting Fas-mediated mitochondrial cytochrome c release, caspase activation and apoptosis. [33] [34] [35] In the presence of Bcl-2, the disappearance of the full-length NICD and the generation of Notch1 fragments were abrogated (Figure 2c) , showing that Notch1 cleavage was dependent on cytochrome c release from the mitochondria Caspase-3 and caspase-6 are the major proteases involved in Notch1 cleavage
We then sought to identify the caspases involved in the cleavage of Notch1. To determine whether Notch1 was a caspase-3 substrate, the radiolabeled NICD was incubated with recombinant caspase-3. Recombinant PARP was also produced in vitro and used as a positive control for caspase-3 activity. The NICD was fragmented into six peptides following 30 min of incubation at 371C with recombinant caspase-3 ( Figure 3a ). This processing was completely inhibited by adding 1 mM DEVD-CHO. Several fragments appeared simultaneously after 15 min of incubation with the protease and bands of 66, 55, 45, 40, 28 and 26 kDa could clearly be seen after 1 h of digestion, at a time when PARP was completely cleaved to its 85 kDa fragment ( Figure 3a) . The were amplified by PCR. The ND1 deletion starts at residue D 1853 and excludes the RAM domain and most of the NBD. The N3 deletion starts at residue R 2096 located downstream of the ankyrin repeats. The full-length NICD or deletion mutants were incubated with recombinant caspase-3 and the digestions were subjected to SDS-PAGE and autoradiography as described for (a). Positions of the molecular weight standards are indicated on the left of the autoradiography. The band indicated by the asterisk represents the only fragment generated by caspase-3 digestion of the N3 deletion. (c) Radiolabeled PARP or NICD was incubated with 10 U of caspase-3 (3) or caspase-6 (6), or with 50 mg of proteins from an apoptotic Jurkat cell lysate (Jf) in the presence or absence of 1 mM DEVD-CHO. After 1 h of digestion at 371C, reactions were stopped by the addition of 2 Â loading buffer and were loaded on the same 12% polyacrylamide gel. Cleavage patterns were revealed by autoradiography. Molecular weight of caspase-6-mediated fragments is indicated on the right and the position of molecular weight markers on the left of the autoradiography. All digestions were repeated at least three times with similar results main caspase-3 consensus sites in the NICD sequence are DQTD 1840 H and DITD 2092 H ( Figure 1 ). To determine the role of the other caspase-3 consensus sites, NICD deletion mutants starting at the two major sites were generated by PCR ( Figure 3b ) and produced in vitro. Digestion of the ND1 deletion starting at residue D 1853 located downstream of the RAM domain led to a pattern very similar to the full-length NICD (Figure 3b ). In contrast, digestion of the Notch1 portion located downstream of the ankyrin repeats (N3 deletion) generated only one new band (identified by an asterisk in Figure 3b ). These results suggested that most caspase-3 cleavage sites were located between the ends of the RAM domain and the ankyrin repeats, with the exception of one cleavage site located downstream of the ankyrin repeats.
Consistent with the inhibition of Notch-1 cleavage by the caspase-6 inhibitor VEID-fmk in vivo, recombinant caspase-6 was also able to cleave the NICD, albeit in a different pattern than caspase-3 ( Figure 3c ). Incubation of the NICD with recombinant caspase-6 consistently generated fragments of 60, 53, 35, 30, 28 and 24 kDa in five independent experiments. None of these fragments were observed in the presence of 1 mM of DEVD-CHO (Figure 3c ). Digestion of the recombinant NICD by caspase-7 resulted in a similar pattern as caspase-3, although the cleavage was less efficient (data not shown). Incubation of the NICD with recombinant caspase-3, caspase-6 or with apoptotic Jurkat cell lysates was performed in an attempt to identify the contribution of each caspase in Notch1 cleavage in Jurkat cells. Notch1 fragments produced by apoptotic Jurkat lysates were very similar to the ones generated by caspase-6, although fragments corresponding to caspase-3 activity were also weakly detected (Figure 3c ). Therefore, caspase-6 was the main protease involved in Notch1 cleavage in apoptotic Jurkat cells. These results correlate with the inhibition of Notch1 cleavage by the caspase inhibitors DEVD-fmk and VEID-fmk and demonstrate that caspase-6 and caspase-3 are the major proteases involved in Notch1 cleavage in Jurkat cells undergoing Fasmediated apoptosis.
Caspase cleavage sites are mainly located in the NBD and the ankyrin repeats A mutation analysis was performed by PCR to localize precisely caspase-3 and caspase-6 cleavage sites in the NICD. Aspartic acid to glutamic acid mutations at each putative site was confirmed by DNA sequencing. NICD mutants were produced by in vitro transcription/translation and their digestion by caspase-3 or caspase-6 was analyzed by SDS-PAGE (Figure 4a) (Figure 4b ). Mutation of other putative cleavage sites did not affect the cleavage pattern of Notch1 by either caspase. To further confirm the cleavage sites identified by mutagenesis, a GST-NICD fusion protein was produced in bacteria and incubated for 1 h at 371C with each caspase. The fragments obtained were purified by SDS-PAGE and subjected to N-terminal sequencing. Digestion of the GST-NICD fusion with caspase-6 and caspase-3 produced six and five fragments, respectively (data not shown). As illustrated in Figure 4b , the amino-terminus sequence of these fragments confirmed Notch1 cleavage by caspase-3 at the DQTD 1840 H site. Sequencing of the fragments purified from caspase-6 digestion of GST-Notch1 indicated the VDADCMD 1874 Figure 4a , lane 8), suggesting that this site is either weakly cleavable by caspases or not used at all. In summary, caspase-6 and caspase-3 cleave the NICD at five different sites, located in the NBD, the ankyrin repeats, which are involved in the antiapoptotic function of Notch1, 18 and the TAD domain, the latter being associated with the transforming activity of Notch1. 16 
Figure 4
The caspase cleavage sites are located within the NBD, ankyrin repeats and TAD domain. (a) Point mutations were performed by PCR to change the aspartic acid residues to glutamic residues in each putative caspase cleavage site of the NICD. The mutants are identified on the right of the figure (lanes 3-13) . These mutants were incubated with recombinant caspase-3 or caspase-6 and cleavage was analyzed as in Figure 3 . Small dots indicate the missing fragments for each mutant as compared to the wild-type molecule (lane 2). The molecular weight of the fragments is indicated on the right. (b) Illustration of the identified caspase cleavage sites. The NICD is represented with all its functional domains, as well as the putative caspase cleavage sites (black lines). The sites identified by mutagenesis are indicated by vertical arrows. Some of these sites were confirmed by N-terminal sequencing of Notch1 fragments as follows: a GST-NICD fusion molecule was produced in bacteria and purified using glutathionecoupled beads. The beads coated with GST-NICD were incubated with caspase-3 or caspase-6 and the reactions were stopped by addition of 2 Â loading buffer. Proteins were separated on a 12% acrylamide gel, transferred on a PVDF membrane, revealed by Coomassie staining and cut from the membrane to perform N-terminal sequencing. The sequence obtained allowed to confirm the DQTD site for caspase-3 and the DADCMD, EEED, DITDHMD and CLLD sites for caspase -6 Notch1 is cleaved by caspases in peripheral blood T cells during AICD Notch1 expression and activity have been described in stimulated peripheral CD4 þ T cells. [36] [37] [38] The Notch ligand Delta1 is able to increase the expression of HES1, which is controlled by Notch signaling, in peripheral CD4 and CD8 lymphocytes. 39 However, the role of Notch receptors in peripheral T lymphocytes remains unclear. Notch1-mediated inhibition of apoptosis in the Jurkat T-cell line 19 suggested that this receptor could antagonize apoptosis in peripheral T cells. Therefore, we hypothesized that the NICD should be cleaved during AICD, in order to allow cell death to occur. To verify this hypothesis, AICD was induced by stimulating peripheral blood mononuclear cells (PBMCs) during 4 days with anti-CD3 and IL-2, followed by restimulation on anti-CD3-coated plates. (Figure 5a) . Concomitantly, the processing of caspase-3, caspase-6 and PARP was observed in the same lysates containing Notch1 fragments (Figure 5a ). To confirm that the bands observed by Western blot resulted from the cleavage of Notch1 by caspases, the recombinant NICD was incubated with lysates from untreated (À) or apoptotic ( þ ) lymphocytes. Proteins from apoptotic but not resting peripheral lymphocytes could cleave Notch1 in vitro (Figure 5b ), confirming that Notch1 was a caspase substrate during AICD in peripheral blood T cells. Addition of DEVD-CHO but not YVAD-CHO prevented the cleavage of the recombinant NICD by proteins from apoptotic peripheral T cells (Figure 5b ), further supporting a role for caspase-3 and caspase-6 in this response.
To determine whether Notch1 transcriptional activity was abrogated following Notch1 cleavage in dying cells, the expression of the protein HES1 was assessed by Western blot in activated or apoptotic T cells. Peripheral T lymphocytes were left untreated, or activated with anti-CD3 and anti-CD28 antibodies and cell death was triggered 6 days later by Fas crosslinking. As a control for HES1 expression, Jurkat T cells were incubated for 8 or 24 h with the Notch1 ligand Delta1 as previously described. 40 A four fold increase in HES1 levels was observed following T-cell activation and concomitant with Notch1 cleavage, HES1 levels dropped to the level of untreated cells following apoptosis induction (Figure 5c ). This result suggests that Notch1 cleavage during apoptosis abrogates its transcriptional activity.
Notch1 fragments cannot antagonize AICD
To demonstrate the role of a caspase substrate in the apoptotic process, it is a standard strategy to overexpress an uncleavable substrate and verify whether it counteracts apoptosis. However overexpression of an antiapoptotic protein such as Notch1 already protects against cell death 19 and an uncleavable mutant would exhibit the same activity, first through its antiapoptotic activity and second by sequestration of active caspases, in the same way as caspase inhibitors. For instance, Deveraux et al. 27 have shown that an uncleavable XIAP mutant inhibited anti-Fas-induced apoptosis as well as the wild-type XIAP. However, as for many antiapoptotic proteins including XIAP, Bcl-2 or AKT, cleavage of Notch1 by caspases should abrogate its inhibitory effect on cell death. Therefore, the ability of caspase-3-or caspase-6-mediated fragments to inhibit cell death was analyzed. The Cell lysates were subjected to Western blot analysis using anti-HES1 or b-actin antibodies and a densitometric analysis was performed. Results are expressed as the ratio between HES1 and b-actin band intensities for each condition full-length NICD or the deletion mutants ND1 and N3, corresponding to the main fragments generated by caspases cleavage at the DADCMD 1874 and DITDHMD 2095 sites (Figure 4b ), were subcloned in the retroviral vector AP2, upstream of an IRES sequence and the GFP cDNA. The NICD was also cloned in the antisense direction (NICDAS) as a control. Viral supernatants from the BOSC23 packaging cell line transfected with these constructs were used to transduce the different mutants in the DO11.10 T-cell hybridoma where the antiapoptotic function of Notch1 was first demonstrated. 18, 19 GFP-positive infected DO11.10 cells were then sorted by flow cytometry and expression of all Notch1 forms was confirmed by Western blot analysis using the anti-Notch1 monoclonal antibody btan20 (data not shown). Then, AICD was triggered by incubating these cell lines in anti-CD3-coated plates for 6 h and apoptosis levels were assessed by staining for chromatin condensation using the fluorescent dye Hoechst 33342. In four independent experiments, only the expression of the NICD could significantly inhibit AICD (Figure 6 ), confirming that once cleaved by caspases, Notch1 cannot antagonize cell death anymore.
Notch1 fragments exhibit a reduced capacity to inhibit Nur77 activity
Both caspase-3 and caspase-6 cleave Notch1 within the ankyrin repeats, a domain involved in the association between the NICD and Nur77, 18 which suggests that Notch1 cleavage during apoptosis may abrogate its inhibitory effect on Nur77 activity. To determine the influence of Notch1 cleavage on Nur77 inhibition, the full-length NICD, the ND1 and the N3 deletion mutant were expressed in 293T cells along with the human Nur77 (hNur77) and a Nur77 reporter construct. The transcriptional activity of hNur77 was inhibited in a dosedependent manner in the presence of the full-length NICD (Figure 7a ), demonstrating that human Notch1 can also block transactivation by the human ortholog of the murine Nur77. In contrast, the ND1 deletion did not affect hNur77 activity (Figure 7b ). Interestingly, this deletion mutant corresponds to a fragment that is produced by both caspase-3 and caspase-6 following cleavage at the DADCMD 1874 site (Figure 4b ). The N3 deletion only had a small but reproducible inhibitory effect on Nur77 transactivation (20% inhibition versus 60% for the full-length NICD). The experiments were carried out under saturating amounts of the NICD or deletion mutants, and using higher amounts of ND1 or N3 vectors (up to four times) did not increase their capacity to inhibit Nur77 activity (data not shown). Finally, the influence of Notch1 fragments on the inhibitory activity of the full-length NICD was assessed by cotransfection of the NICD with each fragment, along with hNur77. Neither deletion interfered with the inhibition of hNur77 activity by the full-length NICD in cotransfection experiments (Figure 7c) , excluding a potential dominantnegative effect of these fragments on Notch1 inhibitory activity (n ¼ 2). In conclusion, Notch1 deletion mutants corresponding to the main caspase-mediated fragments have a reduced capacity to inhibit hNur77 activity, supporting a role for this factor in Notch1 antiapoptotic activity.
Discussion
The Notch1 receptor is an oncogenic molecule in T lymphocytes 13, 14 and has been shown to inhibit apoptosis in T-cell lines. 18, 19 Antiapoptotic molecules such as Bcl-2, XIAP or AKT are subjected to caspase-mediated cleavage during apoptosis, [25] [26] [27] [28] [29] activity. Results presented in this study demonstrate that Notch1 antiapoptotic activity is also regulated by caspasemediated cleavage. Indeed, the NICD is completely fragmented in Jurkat cells undergoing apoptosis and is cleaved in vitro by recombinant caspase-3 and caspase-6. The cleavage sites used by both caspases are localized in the NBD, the ankyrin repeats and the C-terminal transactivation domain. Importantly, Notch1 deletions corresponding to fragments generated by caspases are no longer able to antagonize apoptosis in DO11.10 cells and exhibit a reduced capacity to inhibit the transcription factor Nur77, an essential factor during AICD. [20] [21] [22] The maturation and signaling of Notch receptors is known to depend on the activity of several types of proteases. Following synthesis as long precursors, these receptors are constitutively cleaved by a Furin-like protease in the trans-Golgi network. 41 Ligand binding to the extracellular portion of the receptor first triggers cleavage of the Notch N-terminal moiety on the cell surface by the TACE metalloprotease. This step is required for an intramembrane proteolytic event mediated by a Presenilin-dependent complex, which releases the NICD from the plasma membrane and allows this fragment to migrate to the nucleus. Finally, the active form of Notch1 is degraded by the proteasome following phosphorylation and association with SEL-10 through a C-terminal PEST domain. 42 Our study demonstrates that another family of proteases, the proapoptotic caspases, modulates Notch1 activity following apoptosis induction in T lymphocytes. Notch1 cleavage by caspase-3 and caspase-6 results in the production of fragments unable to inhibit hNur77 activity and antagonize AICD.
Our results suggest that caspase-6 is the main protease involved in Notch1 cleavage during apoptosis, since the main NICD fragments observed in the presence of apoptotic Jurkat cell lysates corresponded to the fragments generated by caspase-6 cleavage (Figure 3c ). The role of this caspase in the apoptotic process has been associated so far to cytoskeleton alterations through cleavage of structural proteins such as lamin A and C, [43] [44] [45] cytokeratin 18 46 and vimentin. 47 However, the identification of Notch1 as a caspase-6 substrate suggests another function for this caspase during apoptosis. Through its association with CSL, Notch1 directly regulates chromatin structure and gene transcription by recruiting histone acetyl transferases (HATs) to DNA regions containing the CSL response element 5 0 -TGGGAAA-3 0 . 48, 49 Cleavage of the NICD by caspase-6 results in the removal of the RAM domain involved in its binding to CSL, disruption of the ankyrin repeats necessary for Mastermind association and cleavage of the TAD domain that is required for Notch1-mediated transcription. 50 Therefore, caspase-6 could affect gene expression through Notch1 fragmentation. Consistent with this hypothesis, caspase-6 also cleaves special AT-rich sequence-binding protein 1 (SATB1) during T-cell apoptosis.
51 SATB1 coordinates gene expression during T-cell development, through binding to matrix attachment regions involved in the loop domain organization of chromatin. 52 Cleavage of SATB1, exclusively by caspase-6, during T-cell apoptosis induces its dissociation from the chromatin and is likely to affect its ability to coordinate gene expression.
51
Notch1 antiapoptotic activity in DO11.10 cells has first been associated with inhibition of the transcription factor Nur77. Nur77 activity is required for AICD since a Nur77 dominantnegative form or Nur77 antisense oligonucleotides inhibits AICD in a T-cell hybridoma or in thymocytes. 20, 22, 53 Notch1 fragmentation by caspases following stimulation of AICD should disrupt its association with Nur77 and release its proapoptotic activity. Results presented here confirm that cleavage of Notch1 at the DADCMD 1874 site leads to the production of a fragment of approximately 80 kDa unable to Figure 7 Notch1 cleavage abrogates its inhibitory effect on hNur77 activity. (a) 293T cells were transfected in triplicate with hNur77 with or without the NICD, with a Nur77 reporter construct containing the luciferase gene under the control of Nur77 and with beta-galactosidase. Following 48 h of culture at 371C, cells were lysed and the beta-galactosidase and luciferase activities were quantified. The results are expressed as percentage of Nur77 activity, calculated as follows: the mean ratio of the luciferase and beta-galactosidase activities obtained in the presence of the NICD or deletion mutants was divided by the mean ratio obtained with hNur77 alone. (b) Cotransfection of 293T cells with hNur77 and either the full-length NICD, the ND1 or the N3 deletions was performed and after 48 h of culture, luciferase and beta-galactosidase activities were quantified. Results were expressed as the percentage of Nur77 activity in the presence of hNur77 alone and are representative of four independent experiments performed in triplicate, giving similar results. (c) 293T cells were transfected with hNur77, with or without the NICD, and cotransfected with either the GST (as a control) or the ND1 or N3 deletions. Analysis of Nur77 activity was performed as described for (a). Results are from one out of two experiments performed in triplicate and giving identical results inhibit Nur77 activity or AICD as shown by using the ND1 deletion mutant. The fragment generated by cleavage at the DITDHMD 2095 site and corresponding to the N3 deletion mutant is only endowed with a weak inhibitory capacity (20% inhibition versus 60% for the full-length NICD) and it is further cleaved by caspase-3 and caspase-6 (Figures 3b and 4b) . The weak inhibition of Nur77 activity by the N3 deletion may not be sufficient to affect the apoptotic response since DO11.10 transduced with this deletion are not resistant to cell death ( Figure 6 ).
The NICD was reported to bind to Nur77 through Notch1 ankyrin repeats. 18 However, the domains of Notch1 required for this inhibitory effect are not known. The ND1 deletion containing the ankyrin repeats but lacking the RAM and NBD domain did not affect Nur77 activity in the cotransfection assay, which suggests that the N-terminal portion of the NICD may be required for Nur77 inhibition. Since the RAM domain is involved in Notch1 binding to CSL, this factor may be essential for Notch1 inhibitory effect. Alternatively, removal of the Nterminal portion of Notch1 may affect the overall protein conformation and compromise Notch1 association with Nur77. Since the N3 deletion lacks the ankyrin repeats, it probably does not bind to Nur77 and possesses a weak capacity to block Nur77 activity. This residual inhibitory effect could be due to the capacity of N3 to interact with factors necessary for Nur77 function, such as CPB/p300. 54, 55 Although these results support a role for Nur77 inhibition in Notch1 antiapoptotic effect, other potential mechanisms for Notch1-mediated inhibition of apoptosis have been proposed. Deftos et al. 17 have shown that a tryptophan residue in the RAM domain is involved in the protective effect of Notch1 against dexamethasone-induced cell death in a murine T-cell hybridoma. The lack of inhibitory effect of fragments similar to the ND1 deletion mutant could be explained by the removal of the RAM domain by caspases through cleavage at the DADCMD 1874 site. The NICD can also block NF-kB activity by direct binding and inhibition of NF-kB p50 subunit by Notch1, 56 stimulate the p56 lck -dependent activation of the antiapoptotic kinase AKT or trigger an increase in Bcl-X L , IAP-2 and c-FLIP expression. 19 Since Notch1 is completely fragmented during T-cell apoptosis, its transcriptional activity as well as its interaction with Nur77, p56 lck or NF-kB p50 may all be affected by caspase activity. Therefore, cleavage of the NICD by caspases is likely to release several factors required during AICD, namely NF-kB and Nur77, while simultaneously disrupting the activation of the AKT survival pathway by Notch1. In conclusion, Notch1 can now be added to a list of antiapoptotic proteins inactivated by caspases during apoptosis, which include Bcl-2, AKT and XIAP.
Materials and Methods
Reagents and cell lines
Recombinant caspase-3 and caspase-6 from the MultiCasPak-2 kit were purchased from BIOMOL (Plymouth Meeting, PA, USA), the caspase inhibitors DEVD-fmk and VEID-fmk from Enzyme Systems products (Dublin, CA, USA) and R&D Systems (Minneapolis, MN, USA) and the DEVD-CHO and YVAD-CHO inhibitors from Peptides International Inc. Recombinant IL-2 was obtained from the NIH AIDS Research and Reference Reagent Program. FITC-conjugated Annexin V was purchased from Biosource (Nivelles, Belgium) and propidium iodide and Dox were from Sigma (Mississauga, Ontario, Canada). The anti-Fas antibody (CH11, Beckman/Immunotech) was used to induce apoptosis in Jurkat cells; the following antibodies were used in Western blot analyses: anti-PARP (Biomol), anti-Bcl-2 (DAKO), anti-caspase-3, anti-caspase-6 (R&D Systems), anti-HES1 (Chemicon), anti-Notch1 (Santa Cruz Biotech) and anti-b-actin (Sigma). The anti-Notch1 and anti-CD3 monoclonal antibodies were purified by protein G-Sepharose chromatography from supernatants of the btan20 hybridoma (produced by Dr. S ArtavanisTsakonas, distributed by the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa, Department of Biological sciences, Iowa City, IA 52242) and the OKT3 hybridoma (American Type Culture Collection), respectively. The Jurkat and 293T cell lines were obtained from the American Type Culture Collection and maintained in RPMI 1640 (Gibco BRL, Burlington, Canada) or DMEM (Gibco BRL) supplemented with 10% fetal calf serum (FCS). The DO11.10 and the BOSC23 cell lines were cultured in DMEM containing 10% FCS. The JIB2 clone allowing inducible Bcl-2 expression was generated as previously described. 57 
DNA constructs
NICD and deletion mutants (N3, ND1) were amplified by PCR from the pcDNA1-Tan1 vector (provided by Dr. S Artavanis-Tsakonas, Massachusetts General Hospital Cancer Center, Charlestown, MA). The following primers were used to clone the NICD and its deletion mutants into the EcoRI/XhoI sites of the pcDNA3.1 His-A vector (Invitrogen): NICD starting at residue L 1768 , primer A: 5 0 -TGC GGG GGA ATT CTG TCC CGC AAG CGC CGG-3 0 and F: 5 0 -GCG GCG CTC GAG CTA CAC GTC TGC CTG GCT CGG CTC-3 0 ; N3, primer E: 5 0 -GCG GCG GGA ATT CTG CCG CGC GAC ATC GCA CAG GAG-3 0 and F; ND1, primer C: 5 0 -CAC CTG GAT GGA ATT CTG CGC ATG TCT GCC ATG GCC-3 0 and F. All the constructs were sequenced to confirm the absence of mutations. The plasmid encoding the GST-NICD fusion was generated as follows: using the primers 5 0 -ACT GAA TTC GCT GCT GTC CCG CAA G-3 0 and 5 0 -CCG CTC GAG TCG GCT CTC CAC TCA GGA AG-3 0 , the NICD was amplified from the pcDNA1-Tan1 vector and cloned into pCRII-TOPO (Invitrogen). The NICD was then subcloned into the EcoRI and XhoI restriction sites of the pGEX-4T3 vector. The full-length cDNA encoding NR4A1, the human ortholog of the murine Nur77 (hNur77), was cloned from activated primary T cells by RT-PCR into the pCMVTAG5a vector using the restriction sites present in the primers 5 0 -TAT GGA TCC ATG ATG CCC TGT ATC CAA GCC CAA TA-3 0 and 5 0 -TAT TCT CGA GGA AGG GCA GCG TGT CCA TGA AGA-3 0 . The Nur77 reporter plasmid (NurRE 3 -Luc) as well as the control vector (POMC-Luc) provided by Dr. J Drouin (Clinical Research Institute of Montreal, Québec, Canada) are described elsewhere. 58 The SacI/XbaI fragment of the PARP cDNA (obtained from Dr. G Poirier, Laval University, Québec, Canada) was inserted into the pBS-KS þ vector to produce the pBS-PARP construct.
Retroviral production and cell transduction
The various forms of Notch1 were subcloned by PCR from the pCDNA3.1 vector into the AP2 retroviral construct using the primers 5 0 -TAC CAG ATC TTA ATA CGA CTC ACT ATA GGG-3 0 and 5 0 -TCA TAG ATC TTA GAA GGC ACA GTC GAG G-3 0 containing the BglII site. Using the calcium phosphate precipitation method, BOSC23 cells were transfected with the AP2 vectors containing the NICD, ND1 and N3 cDNA or the NICD cloned in the antisense direction (NICDAS) as a control. After 48 h of culture, cell supernatants were harvested, supplemented with 1 mg/ml of polybrene and added to DO11.10 cells before a spin-infection for 90 min at 2200 r.p.m. GFP-positive cells were sorted 48 h after infection and the expression of Notch1 forms was confirmed by Western blot using the antiNotch1 antibody btan20.
Cell stimulation and apoptosis assay
Jurkat cells were suspended at 10 6 cells/ml in the absence or presence of 250 ng/ml of anti-Fas antibody (CH11). After 5 h of incubation at 371C, an aliquot was used for Annexin V staining (as described previously 59 ) and the remaining cells were washed in PBS and lysed in SDS-PAGE sample buffer. The JIB2 cells were treated similarly after incubation for 36 h in the presence or absence of 1 mg/ml of Dox to induce Bcl-2 expression. Human PBMCs were purified from whole blood by Ficoll gradient and were stimulated by the addition of 1 mg/ml of OKT3 and 20 U/ml of IL-2. Following 24 h of stimulation, cells were resuspended at 10 6 cells/ml in RPMI containing 10% FCS and 200 U/ml of IL-2. After 3 days, they were placed for 16 h in plates coated with 1 mg/ml of OKT3 to induce AICD, or with 250 ng/ml of anti-Fas antibody (CH11) to trigger directly apoptosis, which was quantified by the Annexin V assay. AICD was induced in DO11.10 cell lines expressing either the full-length NICD or the deletion mutants by plating 10 6 cells per well in duplicate in 24-well plates coated with 1 mg/ml of the anti-CD3 antibody 145-2C11 followed by incubation for 8 h at 371C. Stimulated cells were then washed with PBS, fixed in 5% formaldehyde and stained in PBS containing 1 mg/ml of Hoechst 33342 (Molecular Probes) for 10 min in the dark. After washing with PBS, stained cells were analyzed using an Axioplan 2 microscope (Zeiss) under UV light. The percentage of apoptotic nuclei exhibiting chromatin condensation was calculated after counting 100-200 cells in each duplicate sample.
Cotransfection assay
Using the calcium phosphate precipitation method, 293T cells were transfected in triplicate, with 2 mg of the pCMV-hNur77 vector, 0.1 mg of the reporter plasmid NurRE 3 -Luc and 2 mg of pcDNA3.1 vector containing either the wild-type NICD, the various deletions or the GST as a control. The vector pUT535 constitutively expressing beta-galactosidase was also cotransfected to standardize the samples for transfection efficiency and a carrier vector (pBS-PARP) was used to transfect the same amount of total DNA under different conditions. After 48 h of culture, the cells were harvested, lysed in 300 ml of Reporter Lysis Buffer (Promega) and betagalactosidase and luciferase activities were determined.
Western blot analysis
Following stimulation, cells were lysed directly in Laemli sample buffer and the lysates were boiled for 5 min. Proteins were then separated using 12% SDS-PAGE and transferred to PVDF membranes. After a blocking step in PBS containing 5% nonfat dry milk and 0.05% Tween -20, membranes were incubated for 1 h with primary antibodies in blocking buffer. After three washes and incubation with HRP-coupled secondary antibodies, the proteins were detected using the enhanced chemiluminescence (ECL) kit (Amersham, Oakville, Canada).
In vitro transcription/translation and cleavage assay
The coupled transcription/translation of the cDNAs encoding PARP and NICD were carried out with the TNT Coupled Reticulocyte Lysate System (Promega, Madison, WI, USA) as previously described. 60 For in vitro cleavage by recombinant caspases, 2 ml of 35 S-labeled proteins was incubated with 10 U of caspase-3 or -6 in caspase buffer (25 mM Hepes pH 7.5, 5 mM EDTA, 2 mM DTT, 0.1% CHAPS, 10% sucrose). Cleavage products were fractionated on 12% SDS-PAGE and analyzed by autoradiography. Cell lysates used for in vitro cleavage assays were prepared by four freeze-thaw cycles of 5 Â 10 6 cells in 100 ml of caspase buffer with 2% sucrose and protease inhibitors. 35 S-labeled proteins were incubated for 1 h at 371C with 50 or 5 mg of proteins obtained from apoptotic Jurkat cells or apoptotic PBMCs, respectively.
Amino-terminal sequence analysis of Notch1 fragments
The expression of the GST-NICD fusion was induced in Escherichia coli cultures (BL21 strain) by adding 0.1 mM of isopropyl-b-D-thiogalactopyranoside (IPTG) for 1 h at 301C. After centrifugation, the bacteria were lysed by sonication in ice-cold PBS containing protease inhibitors (Roche). The supernatants of this lysate were incubated for 1 h at 41C in the presence of glutathione-Sepharose 4b beads (Pharmacia). After centrifugation, the beads were washed in ice-cold PBS and kept at 41C. For digestion by caspases, the beads were incubated in a 50 ml volume with 50-100 U of caspase-3, -6 or -7 for 1 h at 371C. The reactions were stopped by adding 50 ml of 2 Â Laemli buffer and by 5 min incubation at 1001C. After separation of the fragments on a 12% acrylamide gel, they were transferred to a PVDF membrane, stained with Coomassie blue and cut from the membranes for N-terminal sequence analysis using a Procise 494 cLC sequencer (Applied Biosystems) operated following the manufacturer's protocol.
